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1.  BACKGROUND 


The  University  of  Washington  (UW)  has  pioneered  inbore  ram  acceleration  tech¬ 
nology.  While  a  detailed  understanding  of  the  fundamental  physics  and  process  involved 
is  available  in  references  (Hertzberg,  Bruckner,  and  Bogdanoff  1986, 1988, 1987;  Knowlen, 
Brucker,  and  Bogdanoff  1987;  Bruckner  and  Hertzberg  1987;  Bruckner  et  al.  1988a,  1988b; 
Kaloupis  and  Bruckner  1988;  Bruckner,  Hertzberg,  and  Knowlen,  to  be  published),  a  brief 
summary  of  the  ram  process  follows.  Ram  acceleration  is  related  to  the  better  known 
supersonic  ramjet  aircraft/rocket  engine  process.  As  schematically  shown  in  Figure  1,  a 
supersonic  ramjet  engine  consists  of  an  outer  engine  cowling  (1),  a  centerbody  (diffuser) 
(2),  and  fuel  injectors  and  flame  holders  (3).  In  operation,  air  entering  tfie  engine  at 
supersonic  speeds  is  compressed  and  slowed  in  the  inlet/supersonic  diffuser  while 
undergoing  one  or  more  oblique  shocks  resulting  in  a  weak  normal  shock  over  the  subsonic 
diffuser  section.  Behind  this  normal  shock  air  is  further  compressed,  then  fuel  is  introduced 
into  a  subsonic  combustion  zone.  The  heated  air/fuel  products  are  then  expanded  in  the 
exhaust  nozzle  lowering  their  static  pressure  as  the  gas  velocity  increases,  resulting  in  a 
net  forward  thrust  on  the  engine.  Figure  1  shows  qualitative  plots  of  the  static  pressure, 
temperature,  and  velocity  profiles  throughout  the  ramjet  engine. 


rOUlQbif  Shock 


Shock 


In  the  inbore  ram  accelerator  of  Figure  2,  a  gun  barrel-like  tube  replace?  ‘.he  cowling 
(1),  the  centerbody  is  replaced  by  a  similarly  shaped  projectile  (2),  and  the  fuel  injection 
process  is  replaced  by  a  pressurized  gas  (fuel/oxidizer/diluent)  mixture  filling  the  gun  tube 

(3).  In  operation  the  projectile  enters  the  pre¬ 
fueled  tube  at  a  velocity  substantially  above  the 
fuel/oxidizer/diluent  sound  speed.  A  complex 
series  of  oblique  shocks  occur  which  approach 
a  normal  shock  structure  behind  the  throat 
(projectile  maximum  diameter).  A  subsonic 
combustion  zone  is  established  behind  this 
normal  shock.  Heat  released  in  this  zone  cre¬ 
ates  thermal  choking  at  a  location  downstream 
of  the  projectile.  This  thermal  choking  stabi¬ 
lizes  the  shock  system  and  high  pressure  field 
on  the  projectile  resulting  in  forward  thrust  on 
the  projeciue. 
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Figure  1 .  Qualitative  Plots  of  Pressure.  Temperature,  and 
I  Velocity  for  Flow  Atpund  a  Ramiet  Engine  Centertxxtv  in  Su¬ 
personic  Flow. 


At  velocities  above  3  km/s  the  ram  pro¬ 
jectile  may  proceed  through  several  combus¬ 
tion  regimes.  These  include,  but  are  not  limited 
to,  mixed  sub/supersonic  combustion  and  fully 
supersonic  mechanisms  such  as  Oblique 
Detonation  Wave  (ODW)  propulsion  (Yung- 
ster,  Eberhardt,  and  Bruckner  1989;  Yungster 
and  Bruckner  1989;  Ostrander  et  al.  1987; 
Pratt,  Humphrey,  and  Glenn  1987;  Kull  et  al. 
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1989;  Burnham  et  al.  1985;  Adamson  and  Morrison  1955;  Lehr  1972;  Pratt  and  Glenn 
1 987;  Wang  et  al.  1 988;  Glenn  and  Pratt  1 988).  In  this  regime  the  oblique  shock  is  sufficient 
to  detonate  the  fuel/oxidizer.  If  the  location  of  this  detonation  is  tailored  to  occur  behind 
the  throat,  this  supersonic  detonation  wave  may  provide  thrust  to  the  projectile  to  velocities 
in  excess  of  10  km/s.  This  process  is  shown  schematically  in  Figure  3. 

2.  ADVANTAGES  AND  DISADVANTAGES  OF  RAM  ACCELERATION  FOR 
LARGE  CALIBER  APPLICATIONS 

2.1.  Advantages 


2.1.1.  Propulsive  Efficiencies.  The  primary  benefit  of  ram  acceleration  is  the  ability 
to  better  tailor  the  pressure  field  and  resultant  acceleration  of  a  projectile,  as  compared  to 
conventional  solid  propulsion,  over  relatively  long  times  and  distances.  Conventional 
chemical  propulsion  is  quite  efficient  at  quickly  providing  high  propulsive  pressures. 
However,  due  to  the  inherit  nature  of  the  pressure  gradient  involved,  the  efficiency  drops 
off  very  quickly  as  much  of  the  energy  produced  later  in  the  cycle  does  not  perform  useful 
work  on  the  projectile.  This  is  mainly  due  to  the  fact  that  the  propellant  is  burning  well 
behind  the  projectile  and  must  propel  its  own  gases  forward  in  an  attempt  to  keep  up  with 
the  projectile.  As  an  example,  IBHVG2  (Anderson  and  Fickie  1987)  modeling  calculations 
which  depict  the  chamber,  tube,  and  projectile  base  pressure  profiles  for  a  120-mm  gun. 


2 


firing  a  7.26-kg  (16-lb)  projectile  using  nearly 
optimized  19-perforation,  JA2,  granular  p'-o- 
pellant  are  shown  in  Figure  4.  For  this  c- eo¬ 
lation  the  peak  breech  pressure  was  fixed  at 
655  MPa  (95  kpsi).  Note  that  due  mainly  to 
the  pressure  gradient  noted  above,  only  a 
portion  of  the  pressures  that  must  be  sus¬ 
tained  by  the  breech,  and  to  a  lesser  degree 
the  early  portions  of  the  gun  tube,  act  upon 
the  projectile  (for  a  short  duration)  to  increase 
its  acceleration. 


Ram  acceleration  has,  by  design,  a 
new  supply  of  "propellant"  available  as  it  trav¬ 
els  downbore.  In  addition,  this  gas  mixture  is 
consumed  around  or  immediately  behind  the 
projectile.  Thus  a  nearly  constant,  if  somewhat  oscillatory,  pressure  field  is  produced 
directly  behind  or  around  the  projectile  for  the  duration  of  the  propulsion  cycle.  A  typical 
pressure  pulse  measured  at  the  tube  wall  as  the  projectile  and  associated  combustion  field 

pass  is  shown  in  Figure  5.  By  comparing  the 
peak  pressures  measured  at  the  tube  wall 
during  projectile  passage  with  effective  pres¬ 
sures  to  which  the  projectile  would  have  had 
to  be  exposed  to  achieve  measured  velocity 
increases,  one  can  infer  the  average  efficien¬ 
cies  at  which  these  peak  tube  wall  loads  are 
being  transferred  to  the  projectile  to  perform 
useful  work.  This  is  somewhat  analogous  to 
comparing  breech  and  tube  pressures  to  pro¬ 
jectile  base  pressures  and  resultant  velocities 
for  solid  propulsion  as  noted  previously.  For 
the  ram  acceleration  process  in  subsonic 
combustion,  this  ratio  of  effective  projectile 
drive  pressure  to  maximum  measured  tube 
pressure  has  been  termed  the  Thrust  Pres¬ 
sure  Ratio  (TPR).  Experimental  data  from 
UW  firings  have  indicated  that  this  value 
ranges  from  0.15  to  well  over  0.70,  with  0.60 
being  a  readily  achievable  value  for  well  tested  fuel/oxidizer/diluent  mixtures.  Figure  6 
plots  a  calculation  of  average  tube  versus  projectile  base  pressures  for  a  ram  accelerator 
system  operating  at  655  MPa  (95  kpsi)  peak  pressure.  Note  that  these  peak  pressures 
are  similar  to  those  shown  for  the  solid  propulsion  case  of  Figure  4.  The  advantages  of 
ram  acceleration  as  tube  length  increases  become  apparent  by  comparing  Figures  4  and 
6. 


Note  location  of  pressurse  profile  relative  to  projedtile 
(data  courtesy  University  of  Washington) 


Figure  5.  Typical  Pressure.  Marpnetic  Sensor  fEMt.  and 
LuiTtinosity  Data  From  Thermally  Choked  Ram  Accelerator 
Combustron. 
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Before  leaving  the  subject  of  propul¬ 
sion  efficiency,  it  is  illustrative  to  point  out 
that  the  inbore  ram  acceleration  process 
does  have  some  s;»^'.larities  to  the  much 
investigated  traveling  charge  effect,  in  that 
combustion  takes  place  near  or  around  the 
projectile  base  for  an  extended  period  of 
time  providing  additional  thrust  to  the  projec¬ 
tile  beyond  that  from  a  conventional,  cham¬ 
ber-emplaced  charge.  However,  it  differs  in 
two  important  aspects:  first,  since  the  gas 
mixture  is  not  carried  by  the  projectile,  but  is 
supplied  in  the  gun  tube,  there  is  no  penalty 
associated  with  accelerating  the  traveling 
charge  itself;  second,  in  the  inbore  ram  con¬ 
cept,  fuel/oxidizer/diluent  is  always  available 
irrespective  of  the  propulsion  cycle 
time/length  (i.e.,  propellant  does  not  burn  out 
prematurely). 

2.1.2.  Pre-  And  Post-Combustion 
Pressure  Relationship.  Experimental  work 
carried  out  to  date  at  the  U  W  has  shown  that, 
for  most  test  conditions  exhibiting  thermally 
choked  combustion,  there  is  a  nearly  linear 
relationship  between  the  gas  mixture  pre- 
and  post-combustion  pressures.  This  rela¬ 
tionship  is  shown  in  Figure  7.  If  this  relation¬ 
ship  holds  at  high  pressures,  it  would  allow 
considerable  flexibility  in  the  manner  in 
which  the  ram  accelerator  is  used.  For  ex¬ 
ample,  to  launch  a  projectile  of  a  given  mass 
at  a  given  velocity,  the  accelerator  designer 
may  select  a  tube  with  long  travel  employing 
gas  mixtures  at  low  pressure,  or  an  accel¬ 
erator  of  shorter  travel  using  gases  at  higher 
pressure,  limited  only  by  the  vapor  pressure 
of  the  gases. 
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Rgure  6.  Effective  Pressure  Distributicin  On  a  Ram  Prqec- 
lile  Operating  in  the  Subsonic  Combustion.  Thermally 
Choked  Mode. 


2.1.3.  Readily  Available  And  Easily  Tailored  "Propellant".  It  has  been  well  demon¬ 
strated  at  the  UW  that  combustion  in  the  subsonic  regime  behind  the  normal  shock  is  most 
efficient  if  the  projectile  Mach  number  (relative  to  the  gas  mixtures)  ranges  between  2.5 
to  4.  This  Mach  number,  among  other  properties,  can  be  adjusted  by  varying  the  gas 
mixtures  employed.  Table  1  gives  several  examples  of  how  these  properties  can  be 
tailored.  Since  the  ram  accelerator  uses  commonly  available  gases  such  as  methane. 
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Table  1 .  Properties  of  Gas  Mixtures  for  Ram  Acceleration. 

Formulas 

Detonation 

Velocity 

(m/s) 

Molecular 

Weight 

Gamma 

Density 

(kg/m^) 

1 

2.5 

4.0 

wsm 

im 

■ 

2.6CH4  +  2O2  + 
5.6N2 

m 

1452 

25.74 

■■i 

'BHHi 

2.5  CH4  +  2O2  + 
12He 

1600 

2560 

2854 

9.22 

1.527 

0.377 

24H2  +  2O2 

897 

Typical  cu 

2243 

rent  (first  two) 

3588 

and  proposed 

3805 

gas  fuel  oxidiz 

4.32 

er  mixtures 

1.404 

0.177 

. 

hydrogen,  oxygen,  nitrogen,  and  helium  for  fuels,  oxidizers,  and  diluents,  the  necessary 
mix  can  be  custom  made  on  site  for  the  appropriate  application. 


2. 1 .4.  Performance  Potential.  As  previously  mentioned,  there  are  well  documented 
calculations  (Hertzberg,  Bruckner,  and  Bogdanoff  1986,  1988;  Knowlen  et  al.  1987; 
Kaloupis  and  Bruckner  1988)  that  reveal  that  ODW  ram  acceleration  may  be  capable  of 
extremely  high  velocities,  on  the  order  of  10  km/s  or  higher.  Additionally,  the  processes  for 
both  thermally  choked  and  ODW  ram  acceleration  should  be  scalable  to  very  large  masses. 
There  are  many  attendant  problems  such  as  projectile  ablation  and  material  integrity  that 
are  unrelated  to  propulsion  at  these  very  high  velocities:  however,  the  requisite  propulsion 
technology  may  be  available  in  ram  acceleration.  Recent  research  at  the  University  of 
Washington  (Bruckner  etal.  1988;  Knowlen  etal.  1988;  Bruckner,  Hertzberg,  and  Knowlen, 
to  be  published;  Yungster  and  Bruckner  1989)  suggests  that  transition  from  thermally 
choked  (subsonic)  combustion  to  mixed  mode  (sub/supersonic)  combustion  is  achievable 
with  single  projectile  designs  and  single  gas  mixtures.  It  is  unclear  at  this  point  if  this 
transition  can  be  maintained  up  to  and  through  fully  supersonic  propulsion  schemes  such 
as  ODW. 

2.1.5.  Projectile  Acceleration  And  Tube  Recoil.  Finally,  there  may  be  benefits  of 
ram  propulsion  in  terms  of  acceleration  tailoring  of  sensitive  cargoes,  and  reduced  recoil 
loads  on  propulsion  test  beds. 

2.2.  Disadvantages 

2.2.1.  Pre-accelerator  Required.  As  with  the  aircraft  ramjet  engine,  the  ram 
accelerator  requires  that  the  projectile  have  an  initial  velocity  before  the  process  will 
commence.  In  general,  this  initial  velocity  is  on  the  order  of  several  times  the  sound  speed 
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of  the  gas  mixtures  used.  This  prerequisite  necessitates  the  use  of  a  "start  up"  propulsion 
technique  such  as  a  light  gas  gun  or  a  conventional  solid  propellant  gun.  This  hybrid 
propulsion  complicates  the  use  of  the  technology  in  applications  where  total  system 
constraints  such  as  length,  weight,  and  volume  are  fixed.  However,  it  is  a  relatively  minor 
burden  for  research  applications  unencumbered  by  such  restrictions. 


2.2.2.  Projectile  Subcaliber  By  Nature. 
Due  to  a  need  for  a  flow  of  propulsive  gases 
around  the  ram  projectile,  the  projectile  is  by 
design  subcaliber.  In  practice  this  means  that, 
unlike  conventional  projectiles,  which  through 
the  use  of  obturators  and/or  sabots  are  full 
caliber,  the  ram  projectile  does  not  provide  full 
bore  projected  area  on  which  the  propulsive 
pressures  may  act.  This  is  illustrated  in  Figure 
8.  Current  ram  projectiles  fill  approximately  60 
percent  of  the  bore  area  not  including  projected 
area  of  the  fin.  Some  theoretical  work  (Yung- 
ster  and  Bruckner  1989)  indicates  this  area 
ratio  may  be  increased  to  well  above  70  per¬ 
cent  with  no  penalty  in  efficiencies. 


Figures.  Rear  View  of  Projectile  in  Gun  Tube  Showing  Dia¬ 
metric  Clearance  Between  Projectile  and  Tube  Walls. 


2.2.3.  Accelerator  End  Sealing  Required.  The  ram  accelerator  must  currently  be 
sealed  at  its  ends  to  contain  the  pressurized  propulsive  gases  as  shown  schematically  in 
Figure  9.  For  research  applications  this  appears  to  be  only  a  minor  drawback  with  the 

exception  of  accelerators  with  very  high 
prepressures  which  require  skillful  seal  design 
to  contain  the  gases  while  presenting  minimum 
resistance  to  the  entrance  of  the  ram  projectile. 
For  applications  requiring  rapid  firing  rates,  end 
sealing  requires  a  more  complex  engineering 
solution.  There  has  been  research  (Fisher  and 
Chandra,  to  be  published)  into  eliminating  the 
seals  altogether.  These  techniques,  a  discus¬ 
sion  of  which  is  beyond  the  scope  of  this  paper, 
offer  the  promise  of  both  sealless  systems  and 
rapid  accelerator  charging. 


2.2.4.  Concept  Unproven  Beyond  3  Km/s.  As  research  at  the  University  of 
Washington  approaches  projectile  velocities  of  3  km/s,  it  is  becoming  apparent  that  the 
underlying  combustion  processes  are  more  complicated  than  originally  believed.  Previous 
work  (Hertzberg,  Bruckner,  and  Bogdanoff  1986,  1988;  Bruckner  et  al.  1987;  Knowlen  et 
al.  1987)  predicted  that  propulsion  efficiencies  would  decrease  with  a  single  projectile 
shape  and  gas  mixture  as  relative  projectile  velocity  increased  due  to  the  combustion  front 
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moving  further  behind  the  projectile 
and  would  approach  zero  near  the 
Chapman-Jouguet  (CJ)  number.  Ex¬ 
perimental  results,  however,  differ 
dramatically.  As  shown  in  Figure  10, 
as  the  CJ  number  is  approached, 
thrust  performance  increases  dramati¬ 
cally  (particularly  for  the  lower  CJ 
number  mixes).  Recent  work  by 
Nusca  (1991)  suggests  that  the  com¬ 
bustion  front  is  indeed  moving  rear¬ 
ward,  exposing  less  of  the  projectile  to 
the  high  pressure  field;  however,  the 
pressure  levels  increase  dramatically 
which  results  in  a  net  thrust  increase. 

It  also  appears  that  the  shock  struc¬ 
ture  becomes  more  stable  above  the 
CJ  number.  It  is  not  known  at  this  time 
if  further  transition  to  fully  supersonic  combustion  can  be  obtained  without  projectile  or 
fuel/oxidizer/diluent  changes  (i.e.  higher  cone  angles  and/or  higher  CJ  number  mixes). 
However,  these  recent  findings  suggest  that  combustion  modes  not  previously  demon¬ 
strated  are  obtainable. 

3.  ACCELERATOR  PERFORMANCE  SUMMARY 

Velocity  versus  travel  plots  for  the  conventional  and  ram  propulsion  processes 
previously  discussed  (Figures  4  and  6)  appear  in  Figure  1 1 .  The  conventional  calculations 
were  performed  using  the  IBHVG2  lumped-parameter  interior  ballistic  code  with  a  Pidduck- 
Kent  pressure  gradient  (Anderson  and  Fickie 
1987).  Ram  calculations  were  performed  us¬ 
ing  a  modified  constant  base  pressure  algo¬ 
rithm.  The  calculations  assume  that  the  gun 
tube  is  capable  of  operating  at  pressures  of  655 
MPa  (95  kpsi)  over  the  entire  length  of  travel. 

For  comparative  purposes  both  projectiles  are 
started  from  rest  and  a  maximum  tube  pressure 
of  655  MPa  is  applied.  In  the  conventional  case 
this  implies  a  very  quick  ramp  up  in  pressure 
followed  by  a  quick  fall  off  as  the  projectile 
moves  down  bore  and  volume  is  opened  up 
faster  than  gases  can  be  generated  to  fill  it.  For 
the  ram  process  the  655  MPa  pressure  on  the 
tube  is  held  constant  for  the  entire  length  of 
travel.  Note  that  neither  the  conventional  pro¬ 
jectile  nor  the  ram  projectile  experience  the 
complete  655  MPa  pressure  at  its  base.  In  the 


VELOCITV  (m/MC) 


Note  the  trust  upswings  beyond  the  Chapman-Jouguet  number  (data 
_ courtesy  Unh/ersitv  of  WasNnotonj  _ 


RgurelO.  Thrust  Coefficient  vs.  Prqjectile  Velocity  for  Several  Fuel/Qxi- 
di2er/Diluent  Mixtures 
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conventional  case,  the  peak  base  pressure  occurs  0.70  meters  from  the  start  of  travel  and 
is  62  percent  of  the  breech  pressure  or  403  MPa  and  then  quickly  falls  off.  For  the  ram 
projectile  an  average  base  pressure  of  60  percent  of  tube  pressure  or  393  MPa  is  applied 
to  the  projectile  as  it  travels  downbore  (a  TPR  of  0.60).  Additionally,  in  the  ram  accelerator 
calculation  the  effective  base  pressure  is  applied  only  to  the  subcaliber  projected  base 
area  (70  percent  of  bore),  unlike  the  conventional  calculation  which  uses  the  full  bore  area 
as  projectile  base  area. 

Note  that  for  the  conditions  in  this  calculation  the  ram  accelerator  begins  to  overtake 
the  performance  of  a  conventional  propulsion  system  after  3.5  meters  of  travel.  This  type 
of  system  specific  evaluation  is  useful  in  revealing  where  the  ram  accelerator  performance 
benefits  lie  as  well  as  pinpointing  optimum  take-over  points  (transition  to  ram  propulsion) 
for  hybrid  systems. 


Since  these  calculations  represent  a  nearly  optimized  conventional  propulsion 
system  which  is  well  understood,  it  is  unlikely  that  the  conventional  performance  could  be 
increased  significantly.  However,  potential  increases  in  the  ram  projectile  diameter  and 
efficiency  of  the  combustion  process  may  improve  the  ram  accelerator  performance  further. 

4.  POTENTIAL  USES  OF  A  RAM  ACCELERATOR 

4.1  The  RAM  accelerator  as  a  research  tool.  As  a  technique  for  generating  high 
velocities  with  projectiles/payloads  of  significant  mass  where  the  length  of  the  system  and 
the  firing  rates  are  not  critical,  the  ram  accelerator  appears  quite  promising.  Table  2 
presents  some  of  the  generic  uses  for  such  a  technique.  Ram  acceleration  has  been  and 
continues  to  be  considered  for  use  in  programs  ranging  from  the  National  Aerospace 
Program  (NASP),  Strategic  Defense  Initiative  (SDI)  applications,  and  Air  Force  and  Army 
hypervelocity  programs.  There  is  also  considerable  interest  in  the  European  research 
community  centered  around  efforts  at  the  Institute  for  French-German  Research  located 
in  Saint  Louis,  France  where  both  38-  and  90-mm  ram  accelerators  are  being  constructed. 

4.2.  The  RAM  accelerator  as  a  weapon. 

There  is,  at  present,  too  little  known  about  the 
physics  and  engineering  of  the  ram  accelera¬ 
tion  process  (scaling,  system  charging,  hybrid 
effects,  performance,  etc.),  to  make  any  defini¬ 
tive  statements  regarding  its  use  in  mobile, 
rapid  firing  systems.  However,  there  may  be 
implementations  in  the  near  future  for  fixed 
position,  low  firing  rate  applications  such  as 
ground  based  interceptors. 


Table  2,  Potential  Applications  of  a  Large 
Caliber  Bam  Accelerator. 


B  IMPACT  STUDIES 

HIGH  VELOCITY  AND  /  OR  MASS  STUDIES  OF 

•  PENETRATION 

•  LETHALITY 

•  MATERIALS  ANALYSIS 

B  PROJECTILE  /  VEHICLE  STUDIES  OF 

•  ABLATION 

•  STRUCTURAL  INTEGRITY 

•  FLIGHT  DYNAMICS 

B  PROPULSION  STUDIES  OF 

•  RAM  /  SCRAM  ANALOGY  STUDIES 

•  GAS  DYNAMICS  AND  HEAT  TRANSFER 

AT  HIGH  MACH  NUMBERS 
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5.  THE  HYBRID  INBORE  RAM  (HIRAM)  ACCELERATOR  PROGRAM 


The  US  Army  Ballistic  Research  Laboratory  (BRL) 
has  initiated  a  research  program  to  examine  the  feasibility 
of  inbore  ram  acceleration  technology  for  large  caliber  hy¬ 
pervelocity  launch,  flight,  and  penetration  studies.  The  pri¬ 
mary  goal  of  this  effort  is  to  examine  the  basic  physics  and 
chemistry  of  the  process  in  sufficient  detail  to  support  the 
design  and  fabrication  of  a  120-mm  ram  accelerator  re¬ 
search  facility.  Additionally,  BRL  will  support  assessment 
of  inbore  ramjet  technologies  for  tactical  and  strategic  ap¬ 
plications  as  the  technology  matures. 

The  progress  to  date  in  the  analytical  and  modeling 
areas  is  beyond  the  scope  of  this  paper  and  is  partly  covered 
in  other  references  (Nusca  1991a,  1991b).  The  remainder 
of  this  paper  is  devoted  to  the  engineering  and  experimental 
aspects  of  the  HIRAM  program. 

The  selection  of  120  mm  for  the  scale  up  is  based  on 
several  factors.  First,  facilities  currently  exist  in  this  caliber 
which  can  be  modified  for  use  as  both  a  preaccelerator  and 
the  accelerator  itself.  The  preaccelerator  will  be  a  standard 
120-mm  tank  gun  using  standard  and  advanced  solid  pro¬ 
pellants.  The  accelerator  sections  will  be  mounted  in  a 
preexisting  facility  modified  for  such  use.  Secondly,  it  was 
deemed  desirable  to  demonstrate  the  scaling  capabilities  in 
a  system  capable  of  achieving  high  velocity  launches  of 
significant  masses  of  interest  to  the  ballistics  research 
community,  (i.e.,  5-10  kg).  A  scaled  up  version  of  the  UW 
projectile  is  shown  in  Figure  12  contrasted  with  atypical  UW 
38-mm  projectile.  The  projectile  assem¬ 
bled  in  a  cartridge  for  firing  in  a  120-mm 
accelerator  is  depicted  schematically  in 
Figure  13. 


This  projectile  with  a  granular 
charge  propulsion  package  has  been 
tested  in  conventional  1 20-mm  gun  firings 
to  velocities  of  1500  m/s  and  should  be 
capable  of  preaccelerator  injection  veloci¬ 
ties  exceeding  2000  m/s. 


Fiaure  13.  120-mm  Hvbrid  Inborn  Ram  IHIRAMI  Cartridoe. 
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Figure  14.  Overhead  View  Of  120-mm  Hybrid  Inbore  Ram  (HIRAM1  Test  FaciliW  Under 
Construction  at  the  Ballistic  Research  Laboratory. 


system  capable  of  handling  combustible  and  inert  gases  to  pressures  of  34.5  MPa  (5  kpsi). 
These  gases  include  but  are  not  limited  to  methane,  hydrogen,  helium,  oxygen,  and 
nitrogen.  The  gases  selected  will  be  pumped  individually  into  accelerator  sections 
mounted  in  a  test  bed  downbore  of  the  preaccelerator.  The  gases  will  be  mixed  by  partial 
pressure  in  one  or  more  accelerator  sections  mounted  in  the  accelerator  test  bed.  The 
accelerator  test  sections  will  initially  be  made  from  retired  1 20-mm  gun  tubes  appropriately 
sectionalized,  sealed,  and  mated.  It  is  anticipated  that  up  to  three  sections  each  of  4.7 
meters  in  length  will  initially  be  employed.  The  accelerator  test  bed  is  capable  of  mounting 
up  to  60  meters  of  accelerator  sections. 

Since  standard  120-mm  gun  tubes  will  be  initially  used,  the  maximum  accelerator 
post-combustion  pressures  will  be  limited  to  207  MPa  (30  kpsi).  It  is  hoped  to  eventually 
have  custom  tubes  made,  capable  of  constant  pressures  of  690  MPa  (100  kpsi)  over  their 
entire  length,  to  fully  exploit  the  advantages  of  ram  acceleration. 


6.  CLOSING  REMARKS 

Ram  acceleration  has  been  demonstrated  in  medium  caliber  to  velocities  approach¬ 
ing  3  km/s.  Theoretical  calculations  predict  that  the  propulsion  technology  may  be  capable 
of  delivering  significant  masses  to  velocities  over  1 0  km/s.  The  technology  appears  viable 
for  near-term  use  in  laboratory  hypervelocity  launchers  and  fixed  position  low  firing  rate 
weapons.  The  Ballistic  Research  Laboratory  has  initiated  a  program  of  theoretical  and 
experimental  studies  to  scale  the  technology  to  120-mm  caliber  for  laboratory  hypervelocity 
studies  of  launch,  flight,  and  terminal  ballistics.  Assessment  of  potential  for  tactical 
applications  will  continue  as  the  technology  matures. 
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U.S.  Army  Armament,  Munitions 
and  Chemical  Command 
ATTN;  AMSMC-IMF-L 

Rock  Island,  IL  61299-5000  1 

Director 

U.S.  Army  Aviation  Research  3 

and  Technology  Activity 
ATTN:  SAVRT-R  (Library) 

M/S  219-3 

Ames  Research  Center 

Moffett  Field,  CA  94035-1000  1 


1  Commander 

U.S.  Army  Missile  Command 
ATTN:  AMSMI-RD-CS-R  (DOC) 

Redstone  Arsenal,  AL  35898-5010 

1  Commander 

U.S.  Army  Tank-Automotive  Command 
ATTN:  ASQNC-TAC-DIT  (Technical 
Information  Center) 

Warren,  Ml  48397-5000 

Director 

U.S.  Army  TRADOC  Analysis  Command 
ATTN;  ATRC-WSR 

White  Sands  Missile  Range,  NM  88002-5502 
Commandant 

U.S.  Army  Field  Artillery  School 
ATTN:  ATSF-CSI 
Ft.  Sill,  OK  73503-5000 

Commandant 
U.S.  Army  Infantry  School 
ATTN:  ATSH-CD  (Security  Mgr.) 

Fort  Benning,  GA  31905-5660 

Commandant 
U.S.  Army  Infantry  School 
ATTN;  ATSH-CD-CSO-OR 
Fort  Benning,  GA  31905-5660 

Air  Force  Armament  Laboratory 
ATTN:  WUMNOI 
Eglin  AFB,  FL  32542-5000 

Aberdeen  Proving  Ground 

Dir,  USAMSAA 
ATTN:  AMXSY-D 

AMXSY-MP,  H.  Cohen 

Cdr,  USATECOM 
ATTN:  AMSTE-TC 

Cdr,  CRDEC,  AMCCOM 
ATTN:  SMCCR-RSP-A 
SMCCR-MU 
SMCCR-MSI 

Dir,  VLAMO 
ATTN:  AMSLC-VL-D 


10  Dir,  BRL 

ATTN:  SLCBR-DD-T 
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Copies  Organization 


1  Commander 

U.S.  Army  Concepts  Analysis  Agency 
AT)  N:  D.  Hardison 
81 20  Woodmont  Ave. 

Bethesda,  MD  20014 

1  C.I.A. 

01  R/DB/Standard 
Washington,  DC  20505 

1  Director 

U.S.  Army  Ballistic  Missile 
Defense  Systems  CommaixJ 
Advanced  Technology  Center 
P.  O.  Box  1500 
Huntsville,  AL  35807-3801 

1  Chairman 

DOD  Explosives  Safety  Board 
Room  856-C 
Hoffman  Bldg.  1 
2461  Eisenhower  Ave. 

Alexandria,  VA  22331-0600 

1  Commander 

U.S.  Army  Materiel  Command 
ATTN:  AMCDE-DW 
5001  Eisenhower  Ave. 

Alexandria,  VA  22333-5001 

1  Department  of  the  Army 
Office  of  the  Product  Manager 
155mm  Howitzer,  M109A6,  Paladin 
ATTN:  SFAE-AR-HIP-IP,  Mr.  R.  De  Kleine 
Picatinny  Arsenal,  NJ  07806-5000 

2  Commander 

Production  Base  Modernization  Agency 
U.S.  Army  Armament  Research, 
Development,  and  Engineering  Center 
ATTN:  AMSMC-PBM,  A.  Siklosi 

AMSMC-PBM-E,  L.  Laibson 
Picatinny  Arsenal,  NJ  07806-5000 


3  PEO- Armaments 

Project  Manager 
Tank  Main  Armament  Systems 
ATTN:  AMCPM-TMA,  K.  Russell 
AMCPM-TMA-105 
AMCPM-TMA-120,  C.  Roller 
Picatinny  Arsenal,  NJ  07806-5000 

15  Commander 

U.S.  Army  Armament  Research, 

Development,  and  Engineering  Center 
ATTN:  SMCAR-AEE 

SMCAR-AEE-B, 

A.  Beardell 
D.  Downs 
S.  Einstein 
S.  Westley 
S.  Bernstein 
J.  Rutkowski 

B.  Brodman 
P.  Bostonian 
R.  Cirincione 
A.  Grabowsky 
P.  Hui 

J.  O’Reilly 
N.  Ross 

SMCAR-AES,  S,  Kaplowitz,  Bldg.  321 
Picatinny  Arsenal,  NJ  07806-5000 

2  Commander 

U.S.  Army  Armament  Research, 

Development,  and  Engineering  Center 
ATTN:  SMCAR-CCD,  D.  Spring 

SMCAR-CCH-V,  C.  Mandala 
Picatinny  Arsenal,  NJ  07806-5000 

1  Commander 

U.S.  Army  Armament  Research. 

Development,  and  Engineering  Center 
ATTN:  SMCAR-HFM,  E.  Barrieres 
Picatinny  Arsenal,  NJ  07806-5000 

1  Commander 

U.S.  Army  Armament  Research, 

Development,  and  Engineering  Center 
ATTN:  SMCAR-FSA-T,  M.  Salsbury 
Picatinny  Arsenal,  NJ  07806-5000 
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1  Commander,  USACECOM 
R&D  Technical  Library 
ATTN:  ASQNC-ELC-IS-L-R,  Myer  Center 
Fort  Monmouth,  NJ  07703-5301 

1  Commander 

U.S.  Army  Harry  Diamond  Laboratories 
ATTN:  SLCHD-TA-L 
2800  Powder  Mill  Rd. 

Adelphi,  MD  20783-1145 

1  Commandant 

U.S.  Army  Aviation  School 
ATTN:  Aviation  Agency 
Fort  Rucker,  AL  36360 

2  Program  Manager 

U.S.  Tank-Automotive  Command 
ATTN:  AMCPM-ABMS,  T.  Dean  (2  cy) 
Warren,  Ml  48092-2498 

1  Program  Manager 

U.S.  Tank- Automotive  Command 
Fighting  Vehicles  Systems 
ATTN.  AMCPM-BFVS 
Warren,  Ml  48092-2498 

1  President 

U.S.  Army  Armor  &  Engineer  Board 
ATTN:  ATZK-AD-S 
Fort  Knox,  KY  40121 

1  Project  Manager 

U.S.  Army  Tank- Automotive  Command 
M-60  Tank  Development 
ATTN:  AMCPM-ABMS 
Warren,  Ml  48092-2498 

1  Director 

HQ,  TRAC  RPD 

ATTN:  ATCD-MA 

Fort  Monroe,  VA  23651-5143 

2  Director 

U.S.  Army  Materials  Technology 
Laboratory 

ATTN:  SLCMT-ATL  (2  cy) 

Watertown,  MA  02172-0001 


1  Commander 

U.S.  Army  Research  Office 
ATTN:  Technical  Library 
P.O.  Box  12211 

Research  Triangle  Park,  NC  27709-2211 

1  Commander 

U.S.  Army  Belvoir  Research  and 
Development  Center 
ATTN:  STRBE-WC 
Fort  Belvoir,  VA  22060-5006 

1  Director 

U.S.  Army  TRAC-Ft.  Lee 
ATTN:  ATRC-L,  Mr.  Cameron 
Fort  Lee,  VA  23801-6140 

1  Commandant 

U.S.  Army  Command  and  General 
Staff  College 

Fort  Leavenworth,  KS  66027 

1  Commandant 

U.S.  Army  Special  Warfare  School 
ATTN;  Rev  and  Tmg  Lit  Div 
Fort  Bragg.  NC  28307 

3  Commander 

Radford  Army  Ammunition  Plant 
ATTN:  SMCAR-QA/HI  LIB  (3  cps) 
Radford.  VA  24141-0298 

1  Commander 

U.S.  Army  Foreign  Science  and 
Technology  Center 
ATTN.  AMXST-MC-3 
220  Seventh  Street,  NE 
Charlottesville.  VA  22901-5396 

2  Commander 

Naval  Sea  Systems  Command 
ATTN;  SEA62R 
SEA  64 

Washington,  DC  20362-5101 

1  Commander 

Naval  Air  Systems  Command 
ATTN;  AIR-954-Technical  Library 
Washington.  DC  20360 
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1  Assistant  Secretary  ot  the  Navy 
(R.  E,  and  S) 

ATTN;  R.  Reichenbach 
Room  5E787 
Pentagon  Bldg 
Washington,  DC  20375 

1  Naval  Research  Laboratory 
Technical  Library 
Washington,  DC  20375 

2  Commandant 

U.S.  Army  Field  Artillery  Center 
and  School 

ATTN:  ATSF-CO-MW,  E.  Dublisky  (2  cps) 
Fort  Sill,  OK  73503-5600 

1  Office  ot  Naval  Research 
ATTN:  Code  473,  R.  S.  Miller 
800  N.  Quincy  Street 
Arlington,  VA  22217-9999 

3  Commandant 

U.S.  Army  Armor  School 

ATTN:  AT2K-CD-MS,  M.  Falkovitch  (3  cps) 

Armor  Agency 

Fort  Knox,  KY  40121-5215 

2  Commander 

U.S.  Naval  Surface  Warfare  Center 
ATTN:  J.  P.  Consaga 
C.  Gotzmer 

Indian  Head,  MD  20640-5000 

4  Commander 

Naval  Surface  Warfare  Center 
ATTN:  Code  240,  S.  Jacobs 
Code  730 
Code  R-13, 

K.  Kim 
R.  Bernecker 

Silver  Spring,  MD  20903-5000 

2  Commanding  Officer 

Naval  Underwater  Systems  Center 
ATTN:  Code  5833 1,  R.  S.  Lazar 
Technical  Library 
Newport,  Rl  02840 


No.  of 
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5  Commander 

Naval  Surface  Warfare  Center 
ATTN:  GodeG33, 

J.  L.  East 
W.  Burrell 
J.  Johndrow 
Code  G23,  D.  McClure 
Code  DX-21  Technical  Library 
Dahlgren,  VA  22448-5000 

3  Commander 

Naval  Weapons  Center 
ATTN:  Code  388,  C.  F.  Price 
Code  3895,  T.  Parr 
Information  Science  Division 
China  Lake,  CA  93555-6001 

1  OSD/SDIO/IST 

ATTN:  Dr.  Len  Caveny 
Pentagon 

Washington,  DC  20301-7100 

3  Commander 

Naval  Ordnance  Station 
ATTN:  T.C.  Smith 
D.  Brooks 
Technical  Library 
Indian  Head,  MD  20640-5000 

1  AL/TSTL  (Technical  Library) 

ATTN;  J.  Lamb 

Edwards  AFB,  CA  93523-5000 

1  AFATL/DLYV 

Eglin  AFB,  FL  32542-5000 

1  AFATL/DLXP 

Eglin  AFB,  FL  32542-5000 

1  AFATODLJE 

Eglin  AFB,  FL  32542-5000 

1  NASA/Lyndon  B.  Johnson  Space  Center 
ATTN:  NHS-22  Library  Section 
Houston,  TX  77054 
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1  AFELM,  The  Rand  Corporation 
ATTN:  Library  D 

1700  Main  Street 

Santa  Monica,  CA  90401-3297 

3  AAI  Corporation 
ATTN:  J.  Hebert 
J.  Frankie 
D.  Cleveland 
P.O.  Box  126 

Hunt  Valley,  MD  21030-0126 

2  Aerojet  Solid  Propulsion  Company 
ATTN:  P.  Micheli 

L.  Torreyson 
Sacramento,  CA  96813 

1  Atlantic  Research  Corporation 
ATTN:  M.  King 
5390  Cherokee  Ave. 

Alexandria,  VA  22312-2302 

3  AL/LSCF 
ATTN:  J.  Levine 

L.  Quinn 
T.  Edwards 

Edwards  AFB,  CA  93523-5000 

1  AVCO  Everett  Research  Laboratory 
ATTN:  D.  Stickler 

2385  Revere  Beach  Parkway 
Everett,  MA  02149-5936 

2  Calspan  Corporation 
ATTN:  C.  Murphy  (2  cps) 

P.O.  Box  400 

Buffalo,  NY  14225-0400 

1  General  Electric  Company 

Tactical  Systems  Department 
ATTN:  J.  Mandzy 
100  Plastics  Ave. 

Pittsfield,  MA  01201-3698 

1  IITRI 

ATTN:  M.  J.  Klein 
10  W.  35th  Street 
Chicago,  IL  60616-3799 
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1  Hercules,  Inc. 

Allegheny  Ballistics  Laboratory 
ATTN:  William  B.  Walkup 
P.O.  Box  210 
Rocket  Center,  WV  26726 

1  Hercules,  Inc. 

Radford  Army  Ammunition  Plant 
ATTN:  E.  Hibshman 
Radford,  VA  24141-0299 

3  Director 

Lawrence  Livermore  National 
Laboratory 
ATTN:  L-355, 

A.  Buckingham 
M.  Finger 

L-324,  M.  Constantino 
P.O.  Box  808 

Livermore,  CA  94550-0622 

1  Olin  Corporation 

Badger  Army  Ammunition  Plant 
ATTN:  F.  E.  Wolf 
Baraboo,  Wl  53913 

3  Olin  Ordnance 

ATTN:  E.  J.  Kirschke 
A.  F.  Gonzalez 
D.  W.  Worthington 
P.O.  Box  222 

St.  Marks,  FL  32355-0222 

1  Paul  Gough  Associates,  Inc. 

ATTN:  Dr.  Paul  S.  Gough 
1048  South  Street 
Portsmouth,  NH  03801-5423 

1  Physics  International  Company 

ATTN:  Library,  H.  Wayne  Wampler 

2700  Merced  Street 

San  Leandro,  CA  98457-5602 

1  Princeton  Combustion  Research 

Laboratory,  Inc. 

ATTN:  M.  Summerfield 

475  U.S.  Highway  One 

Monmouth  Junction,  NJ  08852-9650 
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2  Rockwell  International 
Rocketdyne  Division 
ATTN;  BA08, 

J.E.  Flanagan 
J.  Gray 
6633  Canoga  Ave. 

Canoga  Park.  CA  91303-2703 

1  Thiokol  Corporation 
Huntsville  Division 
ATTN;  Technical  Library 
Huntsville.  AL  35807 

1  Sverdrup  Technology.  Inc. 

ATTN:  Dr.  John  Deur 
2001  Aerospace  Parkway 
Brook  Park.  OH  44142 

2  Thiokol  Corporation 
Elkton  Division 
ATTN:  R.  Biddle 

Technical  Library 
P.O.  Box  241 
Elkton.  MD  21921-0241 

1  Veritay  Technology.  Inc. 

ATTN:  E.  Fisher 

4845  Millersport  Highway 

East  Amherst.  NY  14501-0305 

1  Universal  Propulsion  Company 

ATTN:  H.  J.  McSpadden 
Black  Canyon  Stage  1 
Box  1140 

Phoenix.  AZ  84029 
1  Battelle 

ATTN:  TACTEC  Library.  J.N.  Huggins 
505  King  Ave. 

Columbus.  OH  43201-2693 

1  Brigham  Young  University 

Department  of  Chemical  Engineering 
ATTN;  M.  Beckstead 
Provo.  UT  84601 


1  California  Institute  of  Technology 

204  Karman  Laboratory 
Main  Stop  301-46 
ATTN:  F.E.C.  Culick 
1201  E.  California  Street 
Pasadena.  CA  91109 

1  California  Institute  of  Technology 

Jet  Propulsion  Laboratory 
ATTN:  L.  D.  Strand.  MS  512/102 
4800  Oak  Grove  Drive 
Pasadena.  CA  91109-8099 

1  University  of  Illinois 

Department  of  Mechanical/Industrial 
Engineering 
ATTN:  H.  Krier 
144  MEB;  1206  N.  Green  Street 
Urbana.  IL  61801-2978 

1  University  of  Massachusetts 

Department  of  Mechanical  Engineering 
ATTN:  K.  Jakus 
Amherst.  MA  01002-0014 

1  University  of  Minnesota 

Department  of  Mechanical  Engineering 
ATTN:  E.  Fletcher 
Minneapolis.  MN  55414-3368 

3  Georgia  Institute  of  Technology 

School  of  Aerospace  Engineering 
ATTN:  B.T.  Zinn 
E.  Price 
W.C.  Strahle 
Atlanta.  GA  30332 

1  Institute  of  Gas  Technology 

ATTN:  D.  Gidaspow 
3424  S.  State  Street 
Chicago.  IL  60616-3896 

1  Johns  Hopkins  University 

Applied  Physics  Laboratory 
Chemical  Propulsion 
Information  Agency 
ATTN:  T.  Christian 
Johns  Hopkins  Road 
Laurel.  MD  20707-0690 
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1  Massachusetts  Institute  of  Technology 

Department  of  Mechanical  Engineering 
ATTN:  T.  Toong 
77  Massachusetts  Ave. 

Cambridge,  MA  02139-4307 

1  Pennsylvania  State  University 

Applied  Research  Laboratory 
ATTN:  G.  M.  Faeth 
University  Park,  PA  16802-7501 

1  Pennsylvania  State  University 

Department  of  Mechanical  Engineering 
ATTN:  K.  Kuo 

University  Park,  PA  16802-7501 

1  Purdue  University 

School  of  Mechanical  Engineering 
ATTN:  J.  R.  Osborn 
TSPC  Chaffee  Hall 
West  Lafayette,  IN  47907-1199 

1  SRI  International 

Propulsion  Sciences  Division 
ATTN:  Technical  Library 
333  Ravenwood  Ave. 

Menlo  Park,  CA  94025-3493 

1  Rensselaer  Ploytechnic  Institute 
Department  of  Mathematics 
Troy,  NY  12181 

2  Director 

Los  Alamos  Scientific  Laboratory 
ATTN:  T3,  D.  Butler 

M.  Division,  B.  Craig 
P.O.  Box  1663 
Los  Alarrws,  NM  87544 

1  General  Applied  Sciences  Laboratory 

ATTN:  J.  Erdos 
77  Raynor  Ave. 

Ronkonkama,  NY  11779-6649 

1  Battelle  PNL 

ATTN:  Mr.  Mark  Gamich 
P.O.  Box  999 
Richland,  WA  99352 


1  Stevens  Institute  of  Technology 
Davidson  Laboratory 
ATTN:  R.  McAlevy,  III 
Castle  Point  Station 
Hoboken,  NJ  07030-5907 

1  Rutgers  University 

Department  of  Mechanical  and 
Aerospace  Engineering 
ATTN:  S.  Temkin 
University  Heights  Campus 
New  Brunswick,  NJ  08903 

1  University  of  Southern  California 
Mechanical  Engineering  Department 
ATTN:  0HE200,  M.  Gerstein 

Los  Angeles,  CA  90089-5199 

2  University  of  Utah 

Department  of  Chemical  Engineering 
ATTN:  A.  Baer 

G.  Flandro 

Salt  Lake  City,  UT  84112-1194 

1  Washington  State  University 

Department  of  Mechanical  Engineering 
ATTN:  C.T.  Crowe 
Pullman,  WA  99163-5201 

1  Alliant  Techsystems,  Inc. 

ATTN:  R.  E.  Tompkins 
MN38-3300 
5700  Smetana  Drive 
Minnetonka,  MN  55343 

1  Science  Applications,  Inc. 

ATTN:  R.  B.  Edelman 
23146  Cumorah  Crest  Drive 
Woodland  Hills,  CA  91364-3710 

1  Battelle  Columbus  Laboratories 

ATTN:  Mr.  Victor  Levin 
505  King  Ave. 

Columbus,  OH  43201-2693 
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1  Allegheny  Ballistics  Laboratory 

Propulsion  Technology  Department 
Hercules  Aerospace  Company 
ATTN;  Mr.  Thomas  F.  Farabaugh 
P.O.  Box  210 
Rocket  Center,  WV  26726 

1  MBR  Research  '-ic. 

ATTN;  Dr.  Moshe  Ben-Reuven 
601  Ewing  St.,  Suite  C-22 
Princeton,  NJ  08540 

1  Commander 

Defense  Advanced  Research  Projects  Agency 
ATTN;  MAJ  R.  Lundberg 
1400  Wilson  Blvd. 

Arlington,  VA  22209 

1  U.S.  Army  Space  Technology  and  Research 

Office 

ATTN;  COL  D.  S.  Jackson 
5321  Riggs  Road 
Gaithersburg,  MD  20882 

1  AFOSR/NA 

ATTN;  Dr.  J.  Tishkoff 
Bolling  AFB,  DC  20332-6448 

1  Director 

NASA  Langley  Research  Center 
ATTN;  Technical  Library 
Langley  Station 
Hampton,  VA  23665 

2  Director 

NASA  Langley  Research  Ceritor 
ATTN;  Mail  Stop  408, 

W.  Scallion 
R.  Witcofski 
Langley  Station 
Hampton,  VA  23665 

1  Director 

Sandia  National  Laboratories 
ATTN;  W.  Oberkampf 
Division  1636 
Albuquerque,  NM  87185 


1  Advanced  Projects  Research,  Inc 
ATTN;  Dr.  J.  Humphrey 
Suite  A 

5301  N.  Commerce  Ave. 
Moorpark,  CA  93021 

1  Aerospace  Corporation 
Aero-Engineering  Subdivision 
ATTN;  Walter  F.  Reddall 

El  Segundo,  CA  92045 

2  Olin  Rocket  Research  Company 
ATTN;  A.  Harvey 

11441  Willows  Road,  NE 
P.O.  Box  97009 
Redmond,  WA  98073-9709 

4  Naval  Research  Laboratory 
ATTN;  Dr.  K.  Keilasanath 
Dr.  C.  Li 
Dr.  J.  Boris 
Dr.  E.  Oran 

Washington,  DC  20375-5000 

1  Amtec  Engineering,  Inc. 

P.O.  Box  3633 
Bellevue,  WA  98009-3633 


Aberdeen  Proving  Grourxj 
1  Cdr,  CSTA 

ATTN;  STECS-PO.  R.  Hendricksen 
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2  Institut  Saint-Louis 
ATTN:  Dr.  F.  Seiler 
Dr.  Smeets 

F  68301  Saint-Louis  Cedex 
12  me  de  I'industie,  B.P.  301 
France 


Intentionally  left  blank. 
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USER  EVALUATION  SHEET/CHANGE  OF  ADDRESS 


This  laboratory  undertakes  a  continuing  effort  to  improve  the  quality  of  the  reports  it 
publishes.  Your  comments/answers  below  will  aid  us  in  our  efforts. 

1 .  Does  this  report  satisfy  a  need?  (Comment  on  purpose,  related  project,  or  other  area  of 
interest  for  which  the  report  will  be  used.) _ 


2.  How,  specifically,  is  the  report  being  used?  (Information  source,  design  data,  procedure, 
source  of  ideas,  etc.)  _ 


3.  Has  the  information  in  this  report  led  to  any  quantitative  savings  as  far  as  man-hours  or 
dollars  saved,  operating  costs  avoided,  or  efficiencies  achieved,  etc?  If  so,  please 
elaborate.  _ _ 


4.  General  Comments.  What  do  you  think  should  be  changed  to  improve  future  reports? 
(Indicate  changes  to  organization,  technical  content,  format,  etc.)  _ 


BRL  Report  Number  brl-tr-3257 _  Division  Symbol 

Check  here  if  desire  to  be  removed  from  distribution  list.  _ 

Check  here  for  address  change.  _ 

Current  address:  Organization  _ 

Address  _ 


Department  of  the  Army 


Director 

U  S.  Army  Ballistic  Research  Laboratory 
ATTN:  SLCBR-DD-T 

Aberdeen  Proving  Ground,  MD  21005-5066 


OFHCIAL  BUSINESS 


BUSINESS  REPLY  MAIL 

HRST  (IASS  RRMT  No  0001,  AP6,  MO 


Postage  will  be  paid  by  addressee 


Director 

U.S.  Army  Ballistic  Research  Laboratory 
ATTN:  SLCBR-DD-T 

Aberdeen  Proving  Ground,  MD  21005-5066 
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